Introduction
After Novoselov et al.'s inspirational study [1] , graphene based systems and their unusual electrical properties attracted much attention [2] [3] [4] [5] . Normally, a freestanding graphene, which has a bandstructure without a bandgap, can represent semiconductor behavior with the help of a substrate [6] . There are several growth methods including a substrate system such as mechanical cleavage, [1] , epitaxial growth on SiC [7] or on transition metal substrates with chemical vapor deposition (CVD), [8] and chemical exfoliation of graphite [9] in order to form graphene structure, where the sublimation of SiC is one of the popular choices for large scale possible graphene growth.
Determining the mobility and carrier density of the carriers in a semiconductor system has great importance for a successful characterization of the structure. Charge carriers of the investigated system may include both 3-dimensional (3D) carriers and lowdimensional carriers which have different electrical transport properties. Therefore, extracting the electrical parameters of the carriers of a system can give important properties of the carriers and possible relations between them. After a successful growth of graphene on SiC substrate with the sublimation process, pure graphene conduction cannot be expected due to a possible bulk conduction of the SiC substrate itself [10] . An extraction of the 2-dimensional (2D) carrier of graphene and 3D bulk carrier of SiC substrate may give real values of the electrical parameters of the graphene layers formed on SiC substrate, and also the possible effect of the SiC substrate on graphene layers.
For the analysis of the Hall data with a parallel conduction problem, several methods are proposed or reported in the literature, such as the two-carrier model [11] , multi carrier fitting procedure (MCF) [12] , mobility-spectrum analysis (MSA) [13] , a MCF and MSA hybrid [14] , the quantitative mobility spectrum analysis [15, 16] , and the maximum entropy mobility spectrum analysis [17] . All these methods have advantages and disadvantages for solving parallel conduction problem of different systems.
Therefore, it is important to use the relevant method for a relevant problem. For structures such as high electron mobility transistor or modulation doped field effect transistor, which have a single bulk and a single 2D carrier type, the usage of the simple parallel conduction extraction method (SPCEM) is proposed by Lisesivdin et al [18] .
In this study, experimental temperature dependent Hall mobilities and sheet carrier densities are used in SPCEM analysis. With the SPCEM, the temperature dependent mobilities and sheet carrier densities of 2D carrier of graphene and the bulk carrier of SiC substrate are calculated. With the successful scattering analyses for both carriers, some electrical transport related parameters are investigated.
Experimental
In this study, measurements were taken on epitaxial grown graphene layers on 4H-SiC (0001), Si-face chemo-mechanically polished substrates. Graphene layers are grown on 10x10 mm 2 sawed pieces that are taken from the central part of 4-inch substrate. The samples were exposed to a mixture of silane and hydrogen (0.006% silane in hydrogen) for 10 minutes at 1400 o C. Graphene growth was performed at the same temperature under vacuum conditions (~5-9x10 -6 mbar) for one hour. After graphene growth, the samples were cooled to 500 o C in vacuum. The growth cell was then filled with hydrogen to a pressure of 500 mbar and a one hour intercalation process was completed at 700 o C. For the Hall measurements, by using the Hall bar geometry (Fig 1   insert) , a home-made photomask was fabricated with electron beam lithography in order to perform each fabrication step with optical lithography. Ti/Au (20 nm/100 nm) Ohmic contacts were deposited by an electron beam evaporator and then followed by the standard lift-off process. For the Hall measurements, 500 μm by 1100 μm Hall bars were fabricated. After Hall bar fabrication, Ti/Au (30nm/220nm) metal interconnect lithography was carried out.
The temperature dependent direct-current Hall effect measurements were taken from 1.8 to 200 K by using a Cryogen-free superconducting magnet system (Cryogenics Ltd., Model no. J2414) under a static magnetic field (B=0.5 T). For measurements, a constant current source (Keithley 2400) and a nanovoltmeter (Keithley 2182A) were used. In measurements, current through the sample was intentionally kept low as 50 µA to ensure ohmic conditions. Therefore, the 2D electrons were in thermal equilibrium with the graphene lattice even at low temperatures. One-two layer graphene formation is verified with standard Raman measurements which are taken with a Jobin Yvon Horiba Raman spectroscopy system. For Raman measurements, an excitation source, a He-Ne excitation laser with a 532 nm wavelength (2.33 eV) was used.
Theory

SPCEM
The SPCEM method has some assumptions, and these assumptions are the reason why it can be used for a structure with one bulk and one 2D carrier type:
(1) 2D carrier and bulk carrier are two main carriers in the investigated structure.
(2) Bulk carriers are presumed to be frozen at low temperatures. Therefore, at the lowest temperature, the experimental Hall carrier density can be accepted to be caused by only 2D carriers.
(3) 2D carrier densities are accepted as temperature independent [19] . Therefore, temperature dependent change in measured carrier density is accepted to be caused by the thermal activation of bulk carriers only.
(4) The 2D-carriers and bulk carriers' densities are approximately in the same order.
As was mentioned above, the temperature independent carrier density is typical of 2D systems [19] . In a number of studies, 2D dominant Hall carrier densities slightly increase with increasing temperature due to the thermal activation of bulk carriers [20, 21] . After implementing a successful parallel conduction extraction, 2D carrier densities showed temperature independent behavior [15, 22, 23] . Also, dominant 2D carrier density may show a decrement with increasing temperature in some semiconductor heterostructures including GaAs-based structures [24] . This is caused by the interaction between 2DEG electrons and bulk electrons with the trapping of DX-centers at the doped barrier at higher temperatures [25] , which is not expected in a graphene-on-SiC system, and also not applicable with SPCEM method. For graphene/SiC systems, Yu et al.
suggested a drastically increase in carrier density with the increasing temperature due to a band gap opening in the overlying graphene layer [10] . This gap opening phenomena is sourced by the breaking of the sublattice symmetry by the buffer layer [10] . In their study, Yu et al. calculated the band gap of the related graphene layers and found values between 0.16-0.27 eV with the help of expression for carrier intrinsic excitation of conventional semiconductors. 
Here, H μ is the experimental Hall mobility at a single magnetic field. [18] . However, at the lowest and highest investigated temperatures, the results of SPCEM become more satisfying [18] . At the lowest investigated temperatures, total mobility of the system (Here, it is the experimental H μ ) is predominantly described by the 2D μ because of all bulk carriers are accepted to be frozen at those temperatures. At the highest investigated temperatures, total mobility of the system is approaching to a near factor of Bulk μ because of the high number of activated bulk carriers. Therefore, it is easy to see that the lowest and the highest investigation temperatures are directly determine the success of the technique.
Scattering Mechanisms
The scattering mechanisms of bulk carriers and 2D-carriers are well known for many systems [26] [27] [28] . The analytical expressions of the bulk and 2D scattering mechanisms, which are used in this study, are summarized in the following subsections.
Scattering Mechanisms Used for Bulk Carriers
Three main scattering mechanisms that are involved because of phonon and impurity interactions are considered in this study. The parameters of SiC that are used in bulk scattering analysis are listed in Table 1 [29] [30] [31] [32] [33] .
Ionized Impurity Scattering
Ionized impurity scattering is an elastic scattering process that happens at specific scattering centers. According to the Brooks-Herring model, the mobility limited by ionized impurity scattering mechanism is given as [34] [
In Eq. 4, m * is the effective mass, Z is the charge of each ionized atom that is taken as unity, T is the lattice temperature, s ε is the static dielectric constant, NIMP is the density of ionized impurities in the crystal, and β is described as
Here, D λ is the 3D Debye screening length [28] and it is described as 
Polar Optical Phonon Scattering
Polar optical phonon scattering is the dominant scattering mechanism at higher temperatures [35] . For the longitudinal polar optical phonon (LO-phonon) scattering, a simple mobility expression was used with a momentum relaxation time term 
Here, PO ω h is the polar optical phonon energy and τm is the momentum relaxation time related with this scattering.
Acoustic Phonon Scattering
The scattering of electrons by acoustic phonons by both piezoelectric (PE) polarization fields and the deformation potential (DP) must be taken into account for the acoustic phonon scattering. The deformation potential scattering limited mobility is given by [27] 
where ED is the deformation potential constant, k is the electron wave vector and qs3D is the reciprocal screening length in 3D,
In Eq.9, f(E) is the Fermi-Dirac function and N(E) is the density of states function.
The limiting mobility for acoustic phonon scattering by piezoelectric effect is given as 
Here, K is the electromechanical coupling coefficient. With the help of Matthiessen's rule and Eqs. 8 and 10, the total acoustic phonon limited mobility ( AC(BULK) μ ) can be calculated as
PE(BULK) DP(BULK) AC(BULK
) μ + μ = μ 1 1 1 .(11)
Scattering Mechanisms used for 2D-Carriers
In the investigation of total limited mobility in graphene on SiC systems ( 2D μ ) [32] , longitudinal acoustic (LA) phonon scattering limited mobility ( LA μ ) [36, 37] , remote interfacial phonon (RIP) scattering limited mobility ( RIP μ ) [38] , and a temperature independent scattering mobility term ( 0 μ ) is used in Matthiessen's rule as [32] 0 2D
The parameters of graphene that are used in 2D scattering analysis are listed in Table 2 [36, 39, 40].
LA Phonon Scattering
The limited mobility for dominant LA phonon scattering in graphene can be given Boltzmann constant, respectively. The material parameters for Eq. 13 are listed in Table   2 .
RIP Phonon Scattering
The RIP scattering in graphene is caused by optical phonons at the surface and subsurface of the graphene layer [38] .
( )
Here, for Eq. 14, Ci and Ei are fitting parameters for coupling strength and phonon energy, respectively.
Temperature Independent Scattering Terms
The temperature independent scattering mobility term ( 0 μ ) includes Coulomb scattering ( C μ ) and short-range scattering ( SR μ ) terms as
Short range scattering is known to inversely dependent to carrier density [10] as
. Here, A is a constant. In this study, 2D carrier density is temperature independent because of the 2 nd assumption of SPCEM method. Therefore, short range scattering is constant for all studied temperature range. Because of C μ is also constant, it is impossible to calculate the contribution of each scattering term to 0 μ . Therefore, instead of C μ and SR μ , 0 μ is calculated in our calculations. Because of the existing thermally induced bulk carriers, SPCEM analysis is carried out with the use of the temperature dependent Hall data to separate the 2D and bulk carriers at each temperature step. SPCEM analysis is carried out at a single low magnetic field (0.5 T) to eliminate the possible effects of oscillations in resistivity at low temperatures and high magnetic fields. The SPCEM results are shown in Fig. 2 . The mobilities of both 2D and bulk carriers, which are shown in Fig. 2 (a) , are found to be influenced by the polar optical phonon scattering at high temperatures [41] . The bulk mobility decreases with decreasing temperature as expected because of the ionized impurity scattering at low temperatures [42] . In Fig. 2 (b) , the sheet carrier densities of both 2D and bulk carriers are shown. The density of the 2D-carrier is accepted as temperature independent as stated before and the bulk carrier density decreases with decreasing temperature due to carrier freeze-out. In this study, Fermi level's position is assumed to be fixed with the changing temperature for a graphene/SiC system. Therefore, the extracted 2D-carrier and bulk carriers are to be related with the graphene layer and SiC substrate, respectively.
Results and Discussion
For a possible thermally activated donor level in bulk SiC, a fit with an activation energy (Ea) of 10.36 meV is also shown on Fig. 2 (b) . However, this number is smaller than the free-exciton value, and most of the known donor levels for the known impurities of 4H-SiC [10, [43] [44] [45] . Since this value is smaller than the Yu et al.'s 0.16-0.27 eV of band gap opening case, we do not believe that there is a possibility of band gap opening in our study [10] . Even with low values, a thermally activated state in bulk SiC case, which is also suitable for SPCEM, is more possible than a band opening case [10, 46] .
In Fig. 3 , the scattering analysis of an SPCEM extracted 2D-carrier is shown by using the analytical expressions that are written in section 3.
For the RIP scattering, Ei
and Ci are used as fitting parameters for 2 phonon modes. E1 corresponds with a surface phonon mode of 4H-SiC and its value is 116 meV [47] . C2 and E2 correspond with another phonon mode [32] . We obtained the fitting parameter E2 as 6.37 meV. For LAphonon scattering, the mobility limiting values start from 521 m 2 /Vs, which is practically ineffective on total mobility. In addition to RIP and LA-phonon, the temperature independent mobility limiting term 0 μ is found as 0.73 m 2 /Vs.
In order to calculate the density of the ionized impurities that influences the bulk mobility at lower temperatures, scattering analysis on temperature dependent bulk mobilities was implemented. A successful bulk scattering analysis based on the scattering mechanisms listed in section 3.2.1 is shown in Fig. 4 . Because of the maximum temperature 200K, intervalley scattering is not included in the calculation [48] . In addition, optical phonon scattering is not effective in the studied range. The total mobility is then fitted using Matthiessen's rule. Ionized impurity scattering is the dominant scattering mechanism up to 50 K. 
Conclusions
In this study, graphene layers were grown on 4H-SiC substrate with the Si sublimation method. After Hall bar fabrication, Hall effect measurements were carried out as a function of temperature (1.8-200 K) at a static magnetic field (0.5 T). Magneticfield dependent Hall data were analyzed by using the SPCEM technique. With implementing SPCEM, bulk and 2D carrier densities and mobilities were extracted successfully. The bulk carrier is attributed to SiC substrate and the 2D carrier is attributed to the graphene layer. For the SPCEM extracted carrier data, proper 3D or 2D scattering analyses were performed.
The SPCEM extracted carrier data successfully explained the scattering analyses.
The fit parameters and the overall results of both scattering analyses are in agreement with the literature. Temperature independent mobility components with the same mobility limiting value are observed for both scattering analyses. Because of this, these components may be related with the same interaction and/or related to a graphene -SiC layer interaction. Because the SPCEM method gives results with some error at the investigated mid-temperatures [18] , the low & high temperature results of the investigated temperature range are the most preferable. Therefore, with implementing SPCEM, one can find extracted graphene mobility at high temperatures and effective ionized impurity density at low temperatures by using the temperature dependent static magnetic field Hall data. Table 2 . Values of various parameters of graphene used in the 2D-scattering calculations [36, 39, 40] .
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